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CONTEXTUAL AWARENESS BASED ON EYE
MOTION TRACKING BY AN
EYE-MOUNTED SYSTEM

BACKGROUND
1. Technical Field

This mvention generally relates to eye tracking, and in
particular context-based functionality based upon eye track-
ng.

2. Description of Related Art

Contact lenses that provide refractive vision correction
are commonplace. Recently, there has been increased inter-
est 1n contact lenses that perform functions other than just
vision correction. In many of these applications, a contact
lens may carry a payload for performing various functions.
For example, a contact lens may contain a payload of one or
more electrical components, such as projectors, 1imaging,
devices, sensors, coils, batteries, MEMS (micro-electro-
mechanical systems), accelerometers, magnetometers, gyro-
scopes, etc. These contact lenses may be referred to as
clectronic contact lenses.

One type of electronic contact lens 1s an eye-mounted
display comprising a tiny projector mounted 1nside a contact
lens. The projector projects images onto the retina of a
person wearing the contact lens. Eyve-mounted displays can
be used for virtual reality applications and also for aug-
mented reality applications. In virtual reality applications,
the images projected by the eye-mounted display replace the
user’s view ol his external environment. In augmented
reality applications, the i1mages projected by the eye-
mounted display augment the user’s view of his external
environment. For example, the projected images may appear
superimposed on the user’s external environment. In some
applications, eye tracking components can be used to track
the position and/or orientation of the eye, where the esti-
mated position of the eye can be used to perform various
functions.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the disclosure have other advantages and
features which will be more readily apparent from the
following detailed description and the appended claims,
when taken 1n conjunction with the examples 1n the accom-
panying drawings, in which:

FIG. 1 shows a block diagram of an eye-mounted system
that takes actions based upon eye movements, in accordance
with some embodiments.

FIG. 2A shows a user wearing an eye-mounted device in
communication with an auxiliary necklace, in accordance
with some embodiments.

FIG. 2B shows a magnified view of the eye-mounted
device mounted on the user’s eye, in accordance with some
embodiments.

FIG. 2C shows a front view of the eye-mounted device
mounted on the user’s eye, i accordance with some
embodiments.

FIG. 3 1s a flowchart of a process for determining context
based upon eye tracking data, in accordance with some
embodiments.

FIG. 4 shows a pattern of eye movements when recog-
nizing a face, 1in accordance with some embodiments.
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FIG. § shows an example of 1image capture based upon
tracked eye movements, 1n accordance with some embodi-

ments.

FIG. 6 shows an example of eye movement patterns when
reading text, in accordance with some embodiments.

FIG. 7 shows an example of prompting smooth pursuit
eye movements for verifying the presence of multiple users
within a physical space, 1n accordance with some embodi-
ments.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(Ll

The figures and the following description relate to pre-
terred embodiments by way of illustration only. It should be
noted that from the {following discussion, alternative
embodiments of the structures and methods disclosed herein
will be readily recognized as viable alternatives that may be
employed without departing from the principles of what 1s
claimed.

An electronic contact lens contains sensors that generate
measurements from which movement of a user’s eye can be
estimated. Certain patterns of eye movement may be used to
infer the user’s context, such as what the user 1s looking at
or the overall setting in which the user 1s located or possible
motion that the user plans to make. When these patterns are
detected, actions appropriate for the user’s context may then
be taken.

Humans may exhibit characteristic patterns of eye move-
ments when looking at specific objects. For example, one’s
eyes exhibit a characteristic pattern of saccades when look-
ing at another person’s face. The pattern 1s distinct compared
to eye movement patterns that occur when one looks at an
object that 1s not a face, such as a tree or a doorway. When
these characteristic eye movements are detected, appropriate
actions may be taken.

As an example, consider an electronic contact lens that
includes eye tracking sensors and an outward looking 1imag-
ing system that can capture images of the user’s environ-
ment. Image capture and 1mage processing may consume a
large amount of power and data bandwidth, both of which
are at a premium on an electronic contact lens. As a result,
the 1imaging system may normally be turned off or operated
in a low power mode. When the eye tracking sensors detect
the pattern of eye movements characteristic of looking at a
face, the 1imaging system may become active and capture
images. Other actions may also be taken, for example face
recognition to identily the faces.

In some embodiments, the electronic contact lens may
include a “femtoprojector,” which 1s a small projector that
projects 1mages onto the user’s retina. Based on which
patterns are detected, the system may change the content
projected onto the user’s retina.

By recognizing that certain types ol motions may be
indicative of the user looking at certain types of objects,
tracked eye motions can be used as a “fingerprint” for
identifving a type of object that the user 1s looking at. In
some embodiments, eye movement patterns are associated
with context, wherein each context may correspond to a type
ol object that the user 1s looking at, a type of function able
to be performed using the electronic contact lens, or some
combination thereol. When a user’s tracked eye movements
are determined to match a known eye movement pattern, a
context of the user can thus be inferred. In response, the
clectronic contact lens may be used to perform certain
functions based upon the inferred context (e.g., where the
context corresponds to a certain type of object being viewed
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by the user, the performed functions may be responsive to
the presence of objects of that type 1n the user’s vicinity).
Overall System

FIG. 1 shows a block diagram of an eye-mounted system
that takes actions based upon context inferred from eye
movements, 1n accordance with some embodiments. The
eye-mounted system 100 comprises an eye-mounted device
102, an accessory device 112, and a server 118. In some
embodiments, the eye-mounted device 102 1s an electronic
contact lens worn on eye of a user (e.g., an electronic scleral
contact lens). In an eye-mounted device 102, the space for
clectrical components 1s at a premium. As such, many
processing functions of the eye-mounted system may be
performed on other components, such as the accessory
device 112 and/or the server 118. The accessory device 112
may correspond to a device associated with the user able to
communicate with the eye-mounted device 102 (e.g., via a
transceiver (not shown) to transmit and receive data from the
eye-mounted device 102). For example, in some embodi-
ments, the accessory device 112 may be a wearable device
such as a headband, a necklace, and/or the like. In other
embodiments, the accessory device 112 corresponds to a
mobile device m proximity to the user (e.g., a smartphone).
The accessory device 112 1s further configured to commu-
nicate with the server 118 via a network 126 (e.g., using a
cellular network, Wi-Fi, etc.). The server 118 corresponds to
a remote server able to communicate with the accessory
device 112. In some embodiments, the server 118 may be a
cloud-based server.

In this example, the eye-mounted device 102 comprises
an eye tracker 104, projector(s) 106, an outward-facing
imager 108 and a controller 110. The eye tracker 104
comprises a plurality of sensors mounted on or embedded
within the eye-mounted device 102 configured to generate
measurements usable to estimate a position and/or orienta-
tion of the user’s eye. As used herein, the term eye position
may refer a position of the user’s eye, an orientation of the
user’s eve, or any combination thereolf, and may be mea-
sured relative to the earth (or a reference point 1n a local area
of the user), relative to the user’s head, or some combination
thereof. In some embodiments, the eye tracker 104 com-
prises one or more accelerometers, gyroscopes, and/or a
magnetometer for generating measurement values for esti-
mating a position ol the user’s eye over time. In some

embodiments, an 1imager (e.g., the imager 108) may be used
as a motion sensor by capturing images ol the external
environment over time, wherein motion can be estimated
based upon diflerences between 1images captured at diflerent
points 1n time. Examples of eye tracking techniques that may
be used by the eye tracker 104 to determine the user’s eye
position are described in U.S. patent application Ser. No.
16/005,3779, titled “Contact Lens-Based Eye Tracking,”
which 1s hereby incorporated by reference 1n 1ts entirety.
The projector 106 may correspond to a femtoprojector
within the eye-mounted device 102, and 1s configured to
project 1mages onto user’s eye. In some embodiments, the
images are overlaid on the user’s field of view, and augment
the user’s view of the external environment. For example,
the projected images may appear superimposed on the user’s
external environment. In some embodiments, the 1mages
comprise supplemental content determined based upon
detected objects 1n the external environment, such as names
of 1dentified individuals 1n the external environment, trans-
lations of text identified in the external environment, and/or
the like. In some embodiments, the projector 106 comprises
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multiple projectors. As used herein, references to the pro-
jector 106 may refer to a single projector or multiple
projectors.

The outward-facing imager 108 1s configured to capture
images ol the external environment, corresponding to at
least a portion of the user’s field of view. As such, 1n some
embodiments, the outward-facing imager 108 may be used
to capture an 1mage of what the user 1s currently looking at.
In some embodiments, the captured images may be used by
an 1mage processing module (e.g., the 1image processing
module 122 on the server 118) to generate supplemental
content to be presented to the user (e.g., using the projector
106). For example, 1n some embodiments, an 1image cap-
tured by the outward-facing imager 108 may contain an
image of a face, wherein the 1mage processing module 122
may extract the face from the captured image and perform
facial recognition to determine an 1dentity of the face. The
determined 1dentity may be used to generate supplemental
content to be displayed to the user (e.g., text indicating the
identity superimposed on the user’s field of view).

The outward-facing imager 108 may consume a large
amount of power when capturing 1mages. In addition, trans-
mitting captured images to the accessory device 112 and/or
the server 118 may consume a large amount of data band-
width. In some embodiments, to save on power and data
bandwidth, the outward-facing imager may be 1n an “off”
mode or low-power state 1n which 1t does not capture images
of the external environment or does so at a reduced rate
and/or resolution, and turned on or switched to a high-power
state only 1n certain contexts. In some embodiments, certain
contexts of the eye-mounted system may be inferred based
upon the user’s eye movements (e.g., a context being
inferred based upon determination that the user’s eye has
moved along a path matching a predetermined eye move-
ment pattern), which will be described in greater detail
below.

The controller 110 1s configured to manage the operations
of the various components of the eye-mounted device 102
(e.g., the eye tracker 104, projector 106, and the outward-
facing 1mager 108), and manages communication with
accessory device 112. For example, in some embodiments,
the controller 110 transmits captured 1mages and eye track-
ing data from the outward-facing imager 108 and eye tracker
104 to the accessory device 112 and/or the server 118 for
further processing, and sends instructions to the outward-
facing 1mager 108 and/or the projector 106 based upon
processing results recerved from the accessory device 112
and/or the server 118.

The accessory device 112 may correspond to any type of
clectronic device associated with the user and able to
communicate with the eye-mounted device 102, such as an
clectronic wearable device (e.g., necklace, headband, waist-
band, etc.), smartphone, smart-watch, and/or the like. In
some embodiments, as the accessory device 112 may not be
subject to the same physical restrictions as the eye-mounted
device 102, the accessory device 112 may be used to
perform processing that would be unsuitable for being
performed on the eye-mounted device 102. In some embodi-
ments, the accessory device 112 1s further configured to
communicate with the server 118, which may be used to
perform additional processing functions and analysis.

The accessory device 112 comprises eye tracking data 114
and a sensor fusion module 116. The eye tracking data 114
comprises a data store that stores a record of eye tracking
data (e.g., estimated eye positions, or raw sensor data such
as accelerations measured by an accelerometer of the eye
tracker 104 usable to estimate eye positions) generated by
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the eye tracker 104 over time. In some embodiments, the
accessory device 112 receives raw sensor readings from the
eye tracker 104, and processes the received sensor readings
to generate an eye position of the user. Each eye position
may be associated with a corresponding time. By analyzing
the position of the user’s eye over time, motion of the user’s
eye may be determined. In some embodiments, how the
user’s eye moves over time may be used to define an eye
movement path for the user.

The sensor fusion module 116 1s configured to cross-
reference eye position information with additional informa-
tion. For example, 1n some embodiments, the user’s eye
position may be cross-referenced with additional sensor data
indicating the user’s location (e.g., determined using a GPS
device), whether the user’s head 1s moving, etc. In some
embodiments, the additional information may comprise a
current operational state of the eye-mounted system 100
(e.g., which functionalities are currently active or inactive 1n
the eye-mounted system 100). In some embodiments, Cross-
referencing eye position information and/or eye movement
information with additional data may be used to determine
a context of the user.

The server 118 may be a remote server (e.g., a cloud
server) that 1s accessible by the accessory device 112
through the network 126. In some embodiments, the server
118 may be used to performing processing functions requir-
ing additional data not available to the accessory device. For
example, 1n some embodiments the server 118 may perform
facial recognition on received images by accessing a facial
database. Although FIG. 1 illustrates the server 118 1n
communication with one accessory device and eye-mounted
device, 1n some embodiments, the server 118 may commu-
nicate with multiple accessory devices 112 and eye-mounted
devices 102. For example, multiple users may each have an
eye-mounted device and accessory device, which may com-
municate with the same server for performing eye tracking,
functions, 1mage processing, and/or other functions.

The pattern analysis module 120 1s configured to receive
eye tracking data collected by accessory device 112, and
analyzes the received eye tracking data to identily one or
more patterns. The eye tracking data may comprise deter-
mined eye positions over time, or may CoOmprise raw sensor
data (e.g., acceleration information) usable by the pattern
analysis module 120 or other component of the server 118
for determining eye positions over time. In some embodi-
ments, the pattern analysis module 120 analyzes an eye
movement path of the user’s eye within a particular time
period (e.g., a most recent period of time), and attempts to
match the analyzed eye movement path with a pattern of a
set of predetermined eye movement patterns. Each prede-
termined eye movement pattern may be associated with at
least one corresponding context. For example, the set of eye
movement patterns may include one or more eye movement
patterns associated with the viewing of certain objects (e.g.,
faces, text, etc.) and/or functions to be performed 1n
response to the detection of the pattern (e.g., facial recog-
nition functions). In some embodiments, the server 118, in
response to the determining that an analyzed eye movement
of the user matches a predetermined pattern associated with
a context, notifies the accessory device 112 to cause the
eye-mounted device 102 to perform one or more functions
associated with the context (e.g., turn on the outward-facing
imager 108 to capture one or more i1mages). In some
embodiments, the 1dentified eye movement pattern 1s com-
bined with additional information associated with the user to
determine the context of the user.
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The 1mage processing module 122 receives 1mages from
imager 108 (e.g., via the accessory device 112), and pro-
cesses the received 1images based upon a determined context
(e.g., facial recognition context, text recognition context,
ctc.). For example, the image processing module 122 may,
in response to a determination by the pattern analysis
module 120 that the user’s eye movements match a pattern
associated with facial recogmition, may perform facial rec-
ognition on the received image.

The supplemental content 124 comprises content that may
be generated or 1dentified based upon the determined context
of the user. In some embodiments, the supplemental content
124 1s generated or identified based upon the results of
image processing by the image processing module 122. For
example, 11 the 1mage processing module 122 performed
facial recognition on a captured image, the supplemental
content may comprise a name of 1dentified person captured
using facial recognition. If the 1image processing module 122
performed text identification on a received image, the
supplemental content may comprise a translation of the
identified text or oration of the identified text. In some
embodiments, the server 118 transmits the supplemental
content to the server 112 to be presented to the user (e.g.,
using the projector 106 of the eye-mounted device 102).

Thus, by tracking the eye position of the user using the
eye tracker 104, the eye-mounted system may match the eye
movements of the user with one or more predetermined
patterns to determine a context for the user, and perform
specific Tunctions associated with the context (e.g., capture
an 1mage using the outward-facing imager 108, process the
captured 1image, and provide supplemental data based upon
the processed 1mage). This allows for certain functionalities
of the eye-mounted system 100, such as image capture using
the outward-facing imager 108, to be turned off or kept in a
low power state, and turned on only when needed 1n certain
contexts.

Although FIG. 1 illustrates a particular arrangement of
components of the eye-mounted system 100, 1t 1s understood
at 1n other embodiments, the illustrated components may be
arranged differently, and diflerent functions may be per-
formed on different components of the eye-mounted system
100. For example, in some embodiments, the eye-mounted
device 102 may be configured to be able communicate
directly with the server 118. In some embodiments, one or
more pattern analysis and/or image processing functions
may be performed on the accessory device instead of the
server, or on the contact lens itself (subject to any power
and/or processing limitations of the accessory device and
contact lens).

FIG. 2A shows a user wearing an eye-mounted device 1in
communication with an auxiliary necklace, 1in accordance
with some embodiments. The user of FIG. 2A 1s wearing an
clectronic contact lens 210, which may correspond to the
eye-mounted device 102 of FIG. 1. In some embodiments,
the electronic contact lens 210 1s a scleral contact lens. In
some embodiments, the electronic contact lens 210 may be
worn over one eye of the user, while 1n other embodiments,
the user may have an electronic contact lens over each eye.
More detailed views of the structure of the electronic contact
lens 210 and how 1t may be worn over the user’s eye are
illustrated 1n FIGS. 2B and 2C.

In the embodiment illustrated 1n FIG. 2A, 1n addition to
the electronic contact lens 210, the user 1s also wearing an
accessory device (e.g., corresponding to the accessory
device 112 illustrated 1n FIG. 1) 1n the form of a necklace
290 that contains components of the eye-mounted display
system. In this example, the necklace 290 includes a wire-
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less transmitter 295 that transmits 1mage data and/or power
to the electronic contact lens 210. Image transmission to an
clectronic contact lens 1s subject to data rate constraints due
to s1ze and power consumption limitations of electronics in
a contact lens.

The electronic contact lens 210 may also contain compo-
nents for data transmission and/or power. Data transmission
components may include antennae or optical/infrared pho-
todetectors, data storage and buflering, controls, and/or
on-lens processing components. Power components may
include coils for power transmission and batteries for power
storage. Portions of these subsystems may be external to the
user, while other portions may be worn by the user in the
form of a headpiece or glasses. Components may also be
worn on a belt, armband, wrist piece, necklace or other types
ol packs.

FIG. 2B shows a magnified cross-sectional view of the
ceye-mounted device mounted on the user’s eye, in accor-
dance with some embodiments. FIG. 2B shows an embodi-
ment using a scleral contact lens but the contact lens 210
does not have to be scleral. The contact lens 210 contains
embedded electronics, including an embedded imager 220
(femtoimager) and an embedded femtoprojector 230. The
femtoimager 220 and the femtoprojector 230 may corre-
spond to the outward-facing imager 108 and the projector
106 1illustrated i FIG. 1, respectively.

In some embodiments, the contact lens 210 preferably has
a thickness that 1s less than two mm. The femtoimager 220
and femtoprojector 230 may each preferably fitin a 1 mmx1
mmx1 mm volume, or at least within a 2 mmx2 mmx2 mm
volume. The contact lens 210 contains structures (not
shown) and/or materials to permit oxygen to reach the
cornea 150, 1n order to maintain eye health and ensure user
comiort.

For completeness, FIG. 2B shows some of the structure of
the eye 200. The contact lens 210 i1s separated from the
cornea 250 of the user’s eye 200 by a tear layer. Over the
cornea 250, the tear layer may be as thick as a hundred
microns or more while 1t may be only a few microns thick
over the sclera 270. The aqueous of the eyeball 1s located
between the cornea and the crystalline lens 260 of the eye
200. The vitreous fills most of the eyeball. The 1r1s 280 limats
the aperture of the eye.

The femtoimager 220 1s an outward-facing i1maging
device that “looks” away from the eye 100 and captures
imagery of the surrounding environment. The field of view
225 of the femtoimager 220 may be the same, smaller or
larger than a field view of the user’s eye. In some embodi-
ments, the femtoimager 220 may include 1imaging optics, a
sensor array and sensor circuitry. The sensor array may be an
array ol photodiodes. In some embodiments, the sensor
array operates in a visible wavelength band (1.e., ~390 nm to
770 nm). Alternatively or additionally, the sensor array
operates 1n a non-visible wavelength band, such as an
inirared (IR) band (i.e., ~750 nm to 10 um) or an ultraviolet
band (1.e., <390 nm). For example, the sensor array may be
a thermal infrared sensor.

The sensor circuitry senses and conditions sensor signals
produced by the sensor array. In some 1nstances, the output
signals produced by the sensor circuitry are analog signals.
Alternatively, the sensor circuitry may include analog-to-
digital converters (ADC), so that the output signals are
digital rather than analog. The sensor circuitry may also
have other functions. For example, the sensor circuitry may
amplify the sensor signals, convert them from current to
voltage signals or filter noise from the sensor signals to keep
a signal-to-noise ratio above a threshold value. The sensor
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circuitry may be implemented as a separate electronics
module within the contact lens 210. Alternatively, it may be
implemented as a backplane to the sensor array. In some
cases, processing of the images captured by the femtoimager
occurs outside the contact lens 210. For example, 1n some
embodiments, image data captured by femtoimager 220 may
be transmitted to the necklace 290 (e.g., via the wireless
transmitter 2935) for analysis or processing.

The femtoprojector 230 1s a projector configured to proj-

ect images onto a user’s retina. Examples of femtoprojectors
are described by Deering 1n U.S. Pat. No. 8,786,673, “Sys-

tems using eye mounted displays,” imncorporated herein by
reference. As used herein, a “femtoprojector” may refer to a
projector that 1s very small 1n size, e.g., typically no larger
than about a millimeter 1n any dimension. A femtoprojector
includes an 1mage source and an optical system. The image
source may be a display chip such as an array of light-
emitting pixels. A light emitting diode (LED) array 1s an
example of a display chip. The optical system focuses light
from the 1image source onto the retina. As such, the femto-
projector 1s able to project images onto the wearer’s retina,
thus superimposing virtual objects onto the field of view of
the wearer. As such, when a person 1s wearing the contact
lens display, he may see an augmented reality.

FIG. 2C shows a front view of the eye-mounted device
mounted on the user’s eye, i accordance with some
embodiments. The contact lens 210 1s placed on the surface
of the eye 200. The contact lens 210 moves with the user’s
cye 200 as the user’s eye rotates in 1ts socket. Because the
femtoimager 220 and the femtoprojector 230 are mounted 1n
the contact lens 210, they also move with the user’s eye. As
such, the positions of the femtoimager 220 and the femto-
projector 230 relative to the user’s eye 200 may remain
constant as the eye 200 moves. Although FIG. 2C illustrates
the femtoimager 220 as being near the center of the contact
lens 210, 1t 1s understood that in some embodiments, the
femtoimager 220 may be positioned closer to an edge of the
contact lens 210, so as to reduce an amount of light blocked
from reaching the user’s retina via the pupil.

In some embodiments, the ratio of the contact lens diam-
cter to the lateral size of each of the femtoimager and
femtoprojector 1s preferably roughly 15:1. This ratio 1is
normally between about 15:1 and 30:1, but may be as small
as 5:1 or smaller or as large as 50:1 or larger.

The contact lens 210 also contains a network of acceler-
ometers 240. In this example, there are four 3-axis acceler-
ometers 240A-D, each represented by a small square. The
outlined square 240A 1s 1n a portion of the contact lens that
1s covered by the user’s eyelid i FIG. 2C. The hatched
squares 240B-D are accelerometers that are directly visible.
This accelerometer network measures accelerations of vari-
ous points along various directions. These measurements
may be processed to estimate eye position. In addition, 1n
some embodiments, the contact lens 210 may contain other
types of sensors (e.g., magnetometers, gyroscopic sensors,
etc.) that may be used determine a position of the user’s eye.

The human eye moves often. For example, as a user views
a scene, their eyes move rapidly between a number of
different fixation points, allowing for the user to take in the
scene around them. These rapid movements of the eye
between different fixation points are referred to as saccades.
Almost all saccades performed by the user are done uncon-
sciously as the user fixates on various objects within the
scene. For example, when a user 1s viewing an object, their
eyes may saccade to various points of fixation based upon
the object.
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By tracking a user’s eye position at different points in
time, motion of the user’s eye may be determined. Recog-
nizing that certain types of motions may be indicative of the
user looking at certain types of objects, tracked eye motions

may thus be used as a “fingerprint” for 1dentifying a type of 53

object that the user 1s looking at. Because these eye move-
ments are performed unconsciously by the user as they view
different objects, they may be consistent for each user
whenever they are looking at objects of a particular type. In
some embodiments, a recognized eye movement pattern
may be associated with a context corresponding to certain
types of functionalities that may be performed using the
eye-mounted device (e.g., 1mage processing, presenting
supplemental data, etc.).

Process Flow

FIG. 3 1s a flowchart of a process for determining context
based upon eye tracking data, in accordance with some
embodiments. In some embodiments, the process 1llustrated
in FIG. 3 1s performed by the eye-mounted system 100
illustrated 1n FIG. 1.

The eye-mounted system receives 305 eye tracking data
of the user, indicating eye position of at least one eye of the
user over time. In some embodiments, the eye tracking data
1s determined using one or more sensors on an eye-mounted
device (e.g., an electronic contact lens) worn by the user. For
example, the eye-mounted device may contain one or more
accelerometers, magnetometers, gyroscopic Sensors, or
some combination thereot configured to generate a plurality
ol sensor readings over time. The sensor readings may be
analyzed to estimate a current eye position of the user.

The eye-mounted system analyzes 310 tracked eye posi-
tion over time to i1dentily eye movements matching one or
more predetermined patterns. In some embodiments, the
server ol the eye-mounted system maintains a record of eye
tracking data based upon sensor readings received from the
eye-mounted device. As additional eye tracking data 1is
received over time, the server performs pattern recognition
on eye tracking data received within one or more time
periods (e.g., eye tracking data recerved within a predeter-
mined threshold time period up to the current time). For
example, the server may compare an eye movement path
within an analyzed time period to one or more predeter-
mined patterns to determine a level of similarity to the
pattern, wherein the analyzed eye movement path 1s 1den-
tified as matching the pattern if the level of similarity
exceeds a threshold value.

In some embodiments, the eye-mounted system option-
ally combines 3135 the eye tracking data with data from other
sensors. For example, the eye tracking data may be cross-
referenced with GPS data to estimate a location of the user
when a detected eye pattern of interest occurred. This may
be done to identily particular objects the user may be
looking at, based upon the detected eye movement pattern
and the location data. In some embodiments, the eye track-
ing data includes or 1s combined with sensor data indicating
movement of the user’s head. In some embodiments, the eye
tracking data 1s combined with data indicating a current state
of the system. For example, 1n some embodiments, the user
performing an eye movement matching a particular pattern
when the eye-mounted system has certain functionalities
turned on, may cause a different context to be inferred
compared to if the user performs the eye movement match-
ing the pattern when the eye-mounted system has those
functionalities turned off.

The eye-mounted system identifies 320 a context based
upon 1dentified pattern. In some embodiments, each prede-
termined pattern 1s associated with at least one context. For
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example, a pattern indicative of the user attempting to
recognize a face may be associated with a facial recognition
context. Each context may correspond to a type of object the
user 1s inferred to be looking at, a type of functionality of the
system, or some combination thereof.

Based on context, the eye-mounted system performs one
or more subsequent actions associated with the context. In
some embodiments, the eye-mounted system captures 325
an 1mage corresponding to a gaze of the user. For example,
the server, upon 1dentiifying the context, sends an mstruction
to the eye-mounted device (e.g., via the accessory device) to
configure an 1mager to capture one or more 1mages of the
local area corresponding to gaze of user (e.g., turn on the
imager, switch the imager to a higher resolution mode,
increase an image capture rate of an imager, etc.). The
eye-mounted system may then modify 330 data displayed to
the user, based upon the captured 1mage and the i1dentified
context. In some embodiments, the eye-mounted system
analyzes the captured images to generate supplemental data
to be displayed to the user (e.g., using the projector of the
eye-mounted device). For example, the supplemental data
may comprise information associated with an object or
content 1dentified in the captured images, targeted advertis-
ing based upon one or more objects or content in the
captured i1mages, etc. In addition, while 1n some embodi-
ments, the eye-mounted system performs actions using the
eye-mounted device (e.g., displaying supplemental content
to the user using the eye-mounted device), 1n other embodi-
ments, the eye-mounted system may perform actions outside
the eye-mounted device, e.g., using devices other than the
eye-mounted device (e.g., providing supplemental content 1n
the form of audio content to the user via an earpiece).

As discussed above, eye motion may be used as a “fin-
gerprint” ol what the user 1s looking at, where certain types
ol eye motion patterns may be indicative of the user looking
at certain types of objects. These eye motion patterns are
typically performed unconsciously by the user as the user
looks at the object, and as such may be used as reliable
indicators that the user 1s looking at that type of object.

In some embodiments, certain functionalities of the eye-
mounted system may only be needed 1n certain contexts. In
order to save power, components associated with these
functionalities many be turned oil when not needed. For
examples, functionalities relating to the capture of 1mages
using a femtoimager (e.g., the femtoimager 220 1llustrated in
FIGS. 2B and 2C) and transmitting of captured images to an
accessory device or server for analysis may consume a large
amount of power. In contrast, tracking the user’s eye posi-
tion over time may consume less power. In some embodi-
ments, by tracking an eye position of the user over time and
identifying particular eye movement patterns, more power-
consuming functionalities (e.g., 1image processing, facial
recognition, etc.) may be turned on 1n appropriate contexts,
while remaiming ofl otherwise, reducing power consumption
of the device.

Facial Recognition Applications

In some embodiments, tracked eye movements may be
used to determine when to use a facial recognition function
of the system. It has been determined that when a user looks
at a face, their eyes will typically perform a predictable
series ol movements (e.g., saccades) as they attempt to
recognize the face. FIG. 4 shows a pattern of eye movements
when recognizing a face, 1 accordance with some embodi-
ments. As 1llustrated in FIG. 4, when a user looks at the face
403, the user’s eyes may move in a predictable path 410 as
the user attempts to recognize the face. The path 410 of the
user’s eyes may comprise a series of saccades between a
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plurality of fixed points on the face 405, corresponding to
certain features of the face, such as the eyes, nose, and lips
of the face. As these movements are performed uncon-
sciously by the user, the sequence of movements will be
relatively constant (with varations based upon the geometry
and orientation of the face, area of the face within the user’s
field of view, etc.) whenever the user looks at a new face,
allowing for a recognizable eye movement pattern to be
associated with the viewing of faces by the user.

In some embodiments, the eye-mounted device 1s config-
ured to perform facial recognition of a face being viewed by
the user. To do so, the eye mounted device may comprise an
imager (e.g., a femtoimager) that captures an 1image of at
least a portion of the user’s field of view. The captured image
1s analyzed (e.g., at an accessory device or server) to 1dentily
a Tace within the captured image, for which facial recogni-
tion 1s performed. In some embodiments, 11 an 1dentity of the
face 1s determined through facial recognition, the eye-
mounted device may be instructed to display to the user
(e.g., using a femtoprojector) a name corresponding to the
tace. In other embodiments, the user may be made aware of
the name through other means (e.g., audio content presented
to the user via an earpiece).

While FIG. 4 1llustrates a particular eye movement pattern
associated with facial recognition, there may be slight dif-
ferences 1 how diflerent users move their eyes when
viewing a lace (or other object types). In some embodi-
ments, a calibration procedure may be performed for an
individual user, 1n order to 1dentify an eye movement pattern
for the user corresponding to when they are looking at a face.
The calibration procedure may comprise showing the user a
plurality of faces, and tracking their eye movements when
the faces are displayed. In some embodiments, the faces may
correspond to 1mages displayed to the user using a display
of an external device (e.g., a computer screen), and may be
presented over a plurality of different time intervals. In other
embodiments, the faces may be displayed to the user using
a femtoprojector of the eye-mounted device. The displayed
faces may have a variety of different shapes and sizes. The
tracked eye movements of the user corresponding to when
they are viewing the displayed faces 1s analyzed to deter-
mine an eye movement pattern for the user that 1s indicative
of the user viewing a face. In addition, the system may
capture 1mages of the displayed faces from the point of view
of the user (e.g., using an outward facing imager of the
ceye-mounted device), allowing for portions of the eye move-
ment path of the user to be associated with particular points
on each displayed face.

In some embodiments, the identified eye movement pat-
tern may not only be used to determine when to turn on the
outward-facing 1mager for performing facial recognition,
but may also be used to determine how much of a captured
image should be analyzed. For example, while the outward-
facing 1imager may be able to capture an 1mage correspond-
ing to a certain field of view 1n front of the user, only certain
portions of the image may be needed for performing facial
recognition (e.g., the portion of the image containing the
face to be recognized). As the bandwidth of data that may be
transmitted between the eye-mounted device and the acces-
sory device and/or server may be limited, by being able to
identily a needed portion of a captured image and transmiut-
ting only the needed portion from the eye-mounted device to
the accessory device and/or the server for analysis, an
amount of data bandwidth needed may be reduced.

FIG. 5 shows an example of image capture based upon
tracked eye movements, 1n accordance with some embodi-
ments. As 1llustrated 1n FIG. 4, the eye movements of a user
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(e.g., eye movement path 410) when viewing a face (e.g., the
face 405) may be based upon certain points of fixation on the
face, such as the eyes, noses, and lips of the face. However,
while the user’s eyes may move 1n accordance with a
particular eye movement pattern when the user 1s looking at
a Tace, a si1ze of the movements (e.g., distance travelled by
the user’s eyes, or amount of change in orientation of the
user’s eyes) may vary based upon a size of the face within
the user’s field of view.

In FIG. 5, an imager (e.g., a femtoimager) captures an
image 302 corresponding to at least a portion of the user’s
field of view. The 1image 502 may be captured response to
determining that the user’s eye have performed movements
matching a predetermined eye movement pattern associated
with a context of facial recogmition. As such, the captured
image 502 will be expected to contain a face 504 on which
facial recognition may be performed.

In some embodiments, the eye movements 506 of the user
corresponding to the predetermined eye movement pattern 1s
mapped to a region of the captured image 502. Because the
s1ze of the eye movements 506 i1s based upon fixture points
on the face 504 (e.g., eyes, nose, lips, etc.), an amount of the
captured 1mage 502 occupied by the face 504 may be
inferred based upon a size of the detected pattern. For
example, i face 504 1s further away from user, the face 504
will be smaller 1n user’s field of view. As such, the eye
movement 306 will be smaller 1n size when mapped to the
image 502. The eyve movement 506 may be used to deter-
mine an expected location of one or more features of the face
504 (e.g., eyes, lips, etc.) within the 1mage 3502, and/or
determine one or more facial measurements of the face 504
(e.g., inter-eye distance, a distance between the eyes and lips
of the face, etc.) on the image 502 (e.g., number of pixels on
the image). In some embodiments, the imager 1s configured
to capture low-resolution images when 1n a low-power state.
A region of a captured low-resolution 1mage may be iden-
tified as having a face. When a determination 1s made that
the eye movement of the user 1s indicative of the user
viewing a face, the imager may then capture a higher-
resolution 1mage of the identified region of the low-resolu-
tion 1image, in order to improve facial recognition.

Using a size of the detected eye movements 506, the
eye-mounted device may infer a bounding box 508 corre-
sponding a portion of the image 502 that 1s expected to
enclose the face 504 (e.g., based upon expected ratios
between one or more determined facial measurements and
an overall size of the face). For purposes of performing
facial recognition functions, only image data within the
bounding box 508 is analyzed. This may reduce an amount
ol processing and/or data transmission needed to be per-
formed by the eye-mounted device, potentially further
reducing power consumption and/or data bandwidth used.

FIG. 5 1llustrates that a portion of a captured 1image to be
analyzed may be determined based upon a size of a detected
eye movement path corresponding to an eyve movement
pattern. In embodiments where other types of eye movement
patterns may be used to infer that the user 1s looking at other
types of objects, a size of the detected eye movement paths
may also be used to determine one or more parameters of a
functionality the eye-mounted device associated with the
context.

Textual Transcription and/or Translation Applications

In some embodiments, diflerent types of eye movement
patterns may be associated with different contexts and/or
with different types of objects that the user 1s looking at. As
the user’s eye movement 1s tracked over time and analyzed,
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portions of the tracked eve movement corresponding to
specific patterns may be used to infer that the user 1s looking
at specific types of objects.

In some embodiments, certain eye movement patterns
may be associated with the reading of text. FIG. 6 shows an
example ol eye movement patterns when reading text, in
accordance with some embodiments. As the user reads the
text 602, their eye 604 may move 1n a path 606 correspond-
ing to a series of saccades extending 1n a horizontal direction
along the line of text, which may be 1dentified as a pattern
associated with the reading of text. In addition, 1n cases
where the user 1s reading multiple lines of text, the move-
ment path 606 may comprise multiples series of saccades
along the lines of text, wherein each series of saccades 1s
displaced 1n a vertical direction relative to the remaining
series. In some embodiments, each series of saccades may
be 1n a left to right direction. In other embodiments, the
predetermined eye movement patterns may correspond to a
series ol saccades 1n other directions (e.g., right to left, or
vertical), to account for other languages. In some embodi-
ments, a detected eye movement pattern may be cross-
referenced with additional information, such as user profile
information indicating languages known by the user, a
current location of the user, etc., to infer whether or not the
user 1s reading text.

In some embodiments, when the system infers that the
user 1s reading text, based upon a detected eye movement
path matching a predetermined eye movement pattern, the
eye-mounted device may be used to perform one or more
image-processing functions. For example, an imager of the
cye-mounted device may be used to capture an image
corresponding to at least a portion of a field of view of the
user that contains at least a portion of the text being read.
The captured 1mage (or a portion thereol) 1s analyzed (e.g.,
by an i1mage processing module at a remote server) to
identify the captured text within the 1mage.

The 1dentified text may be used to generate supplemental
content that 1s stored and/or presented to the user. For
example, 1n some embodiments, the system determines a
language of the identified text. Additional functions may
include generating and storing a transcription of the 1denti-
fied text, translating the 1dentified text to a different language
(e.g., a preferred language of the user) and presenting the
translation to the user (e.g., displayved to the user via the
eye-mounted device and/or used to generate audio data that
1s played to the user), superimposing one or more hyperlinks
over portions of the text that may be interacted with by the
user to obtain definitions of words of the corresponding
portions of text, etc. In some embodiments, the specific
action taken regarding the identified text may be based upon
one or more user settings (e.g., the server, upon 1dentifying
the user’s eye movements patching a pattern indicating the
reading of text, cross-references the identified movements
with one or more user settings to determine a specific
context corresponding to actions to be performed by the
system).

Contrived Eye Movement Applications

While the above applications primarily mmvolve uncon-
sciously-performed eye movements by the user with view-
ing different types of objects (e.g., recognizing faces, read-
ing text, etc.), i other embodiments, the system prompts
user to perform a contrived eye movement to serve as a
fingerprint that triggers an action by the system. In some
embodiments, one or more contrived eye movements match-
ing predetermined eye movement patterns may be used to
activate certain functionalities of the system. As used herein,
a “contrived eye movement” may refer to one or more eye
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movements that are performed consciously by the user and
are unlikely to be performed unconsciously.

Most eye movements performed by a user are saccades.
For example, 11 a user 1s asked to move their eyes along a
particular path (e.g., a straight line, a circle, etc.) without the
use of any aids, their eye movements will be 1n the form of
saccades, mstead of a smooth path. On the other hand, 1f of
the user 1s prompted to move their eyes along a path by
following a moving object that traces the path, as the user’s
eyes follows the object, the movement of the user’s eye may
be 1n the form of a smooth pursuit mstead of a series of
saccades. In some embodiments, the path or moving object
may be presented to the user as part of a human-engineered
setting, such as content displayed on a screen visible to the
user. For example, the human-engineered setting 1s designed
to induce a particular eye movement pattern by the user,
whereupon the context and subsequent action by the eye-
mounted system 1s based upon the particular pattern.

In some embodiments, the user may move their eyes
along a desired path 1 a smooth motion by tracing the
desired path using their finger, and following their finger
with their eyes. This enables to the user to perform a smooth
pursuit motion with their eyes without the use of displays.

In some embodiments, contrived eye motions may be
leveraged by the system to determine a context of the user
and perform certain functionalities relating to the deter-
mined context. For example, 1n some embodiments, multiple
users may each be associated with a respective eye-mounted
device. The eye-mounted devices of each user may be part
of different systems, or part of the same system (e.g., each
user’s eye-mounted device may connect to a common appli-
cation server). In some embodiments, the system may allow
performance of certain functionalities when two or more
users are within the same physical area, such as establishing
a short-range peer-to-peer (P2P) connection between
devices associated with the two or more users, transferring
or sharing files between the two or more users, performing
image analysis functions such as capturing and recognizing
gestures performed by other users, and/or the like.

FIG. 7 shows an example of prompting smooth pursuit
eye movements for verifying the presence of multiple users
within a physical area, 1n accordance with some embodi-
ments. As illustrated in FIG. 7, the first user 702 and the
second user 704 are within the same physical area. While
location determination functions such as GPS may be able to
determine that the users are within the same general area,
their margin of error may not be suflicient for verifying that
the users are within certain threshold distances of each, such
as within the same room, and/or have line of sight to each
other. The eye-mounted system may verily that the first and
second users 702 and 704 are within the same physical area
by tracking eye movements of each of the users, and without
needing to use more power intensive image capture and
analysis functions.

In some embodiments, the eye-mounted system may
verily that the first user 702 and the second user 704 are
within the same physical area based on eye tracking data, i
both users perform contrived eye movements associated
with a common pattern within a threshold period of time.
For example, the eye mounted system may prompt the first
user 702 to trace a predetermined path (e.g., using their
finger or other type of pointer) that 1s visible to both the first
user 702 and the second user 704. In some embodiments, the
eye-mounted system prompts the first user 702 by displaying
to the first user 702 an 1mage of the predetermined path to
be traced via an eye-mounted display worn by the first user
702, or describing the path to be traced via an audio
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command to the first user 702. In some embodiments, the
first user 702 may trace the predetermined path 1n the air, or
on a surface (e.g., a table or wall).

The eye-mounted system receives eye tracking data asso-
ciated with the second user 704, and determines if the eye
movements of the second user 704 are consistent with the
path 706 traced by the first user 702. For example, if the
eye-mounted system detects a smooth pursuit eye movement
by the second user 704 that follows the traced path 706
within a threshold time of path being traced by first user 702
(e.g., a threshold amount of time from when the first user
was prompted to trace the path 706), an inference may be
made that second user 1s 1n the same physical area as the first
user 702. In some embodiments, the determination 1s com-
bined with additional information (e.g., GPS data indicating
a location of each user) to infer that the first and second users
are within the same physical area. In some embodiments, the
eye movement path of the second user 704 may correspond
to a transformation of the path 706 traced by first user, due
to the relative positions of the first and second users. For
example, 11 the first and second users are standing across
from each other, the eye movement path of the second user
704 may correspond to a mirror image of the path 706 traced
by the first user 702. In some embodiments, the eye-
mounted system may prompt the second user 704 to follow
the path traced by the first user 702 with their eves. Respon-
s1ve to inferring that the first and second users are within the
same physical area, the eye-mounted system may allow for
additional functions to be performed.

In some embodiments, the eye mounted system may also
detect eye movements of first user 702. For example, as the
first user 702 traces the path 706 with their finger, they may
also follow the path 706 with their eyes. If both the first user
and the second user exhibit eye movements corresponding to
the traced path 706 (or a transformation thereot), they may
be inferred to be within the same physical area. This may be
more accurate i comparison to only analyzing eye move-
ments of the second user 704, as if the first user 702 traces
a different path 706 (such as due to human error), the
difference may be reflected in the eye movements of both the
first and second users. In addition, 1n some embodiments, b
analyzing the eye movements of both users, the first user 702
may trace the path 706 independently of being prompted by
the eye-mounted system, facilitating proximity verification
for the first and second users on the fly.

In some embodiments, istead of prompting the first user
702 to trace the path 706, the path 706 may be displayed to
the first and second users 702 and 704 using an external
display, whereupon the first and second users may be
inferred to be 1n the same physical area 11 both perform eye
movements based upon the displayed path within a threshold
time of each other.

In some embodiments, the tracked eye movement data of
the users may be used with or cross-referenced with addi-
tional data, such as GPS location data or other types of
sensor data. For example, 1n some embodiments the eve-
mounted system only prompts the first user 702 to trace the
path 706 1if the first and second users are already determined
to be close to each other based upon GPS location data.

In some embodiments, contrived eye movements may be
leveraged to allow a user to turn certain functionalities of the
system on or ofl. For example, in some embodiments, the
eye-mounted device may display using a femtoprojector one
or more user interface elements to the user. The user may be
able to manipulate the displayed user interface elements
through the use of eye movements. For example, the user
may be able to activate or select a displayed user interface
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clement by looking at the user intertface element for at least
a threshold period of time. The eye-mounted device may
determine that the user 1s looking at a specific UI element by
tracking a position of the user’s eye, which may be com-
pared to virtual positions of the displayed Ul elements.
However, 1n order to save power and/or improve user
visibility, the eye-mounted device may not display user
interface elements to the user at all times.

As discussed above, smooth pursuit movements are dii-
ficult to do without the user’s eyes having something to
follow. As such, smooth pursuits of certain shapes are
unlikely to be performed by users under normal circum-
stances, and may serve as fingerprints for the device to
perform certain functions. In some embodiments, the user of
the eye-mounted device may turn certain functions, such as
a Ul display, on or off by causing the system to detect a
smooth pursuit in user’s eye motions following a predeter-
mined path. For example, the user traces a predetermined
shape (e.g., circle) using their finger, a pointer, etc. The
user’s eye may perform a smooth pursuit as the user’s eyes
tollow the traced shape. The eye tracker tracks the user’s eye
position, which 1s analyzed to identily smooth pursuit cor-
responding to the traced shape, allowing the system to infer
that user wishes to turn the function on or off. In some
embodiments, different functions may be associated with
different predetermined shapes. By being able to turn dii-
ferent functions (e.g., a Ul display) on or oil based upon
contrived eye movements performed by the user, the eye-
mounted device may save power by make certain function-
alities available only when needed by the user.

Other Applications

In some embodiments, tracking of user eye movements
may be applied to other applications, such as danger detec-
tion. Certain eye movement patterns may be indicative of
possible imminent danger to the user. As such, when such an
eye movement pattern 1s detected, the eye-mounted system
may perform functions to warn the user of possible danger
and/or to mitigate the possible danger. For example, a user’s
eyes may exhibit certain movements when user 1s fatigued
or about to fall asleep. In some embodiments, tracked eye
movement data may be cross-referenced with other sensors
that are used to determine 1t the user 1s currently performing
certain actions, such as driving a vehicle (e.g., by measuring
a current location/speed of user, through an aflirmative
indication by user via an interface, determining whether user
1s currently navigating using a maps application, communi-
cation with a system of a vehicle, etc.). I the tracked eye
movements ol user are indicative of imminent sleep (e.g.,
the user transitioning from an awake state to an asleep state)
while the user 1s determined to be 1n a certain state (e.g.,
driving a vehicle), the system perform certain functions,
such as making noise to alert the user and/or request the user
to pull over, display a warning light or symbol, etc.

In some embodiments, tracked user eye movements are
used to determine 1f the user 1s looking at specific content.
For example, certain media content may have elements that
prompt certain eye movements (€.g., a moving cursor at the
beginning of a video that induces a user to perform a smooth
pursuit when their eyes follow the cursor). By analyzing the
user’s eye movements, a determination may be able to be
made as whether to user 1s viewing a specific piece of media
content that displayed on an external screen, such as com-
puter screen, video billboard, etc. In some cases, the eye-
mounted system may cross-reference the detected eye move-
ment with other information to infer that user viewed the
media content. For example, GPS information may indicate
that user 1s 1n the same area as a video billboard where the
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content 1s being displayed. If user 1s viewing content on a
computer, status of computer may indicate that website
where content 1s played 1s being displayed. In other embodi-
ments, detection of a user eye movement pattern matching
a particular piece of content may be used to infer a location
or setting ol the user (e.g., the location or setting of the
content), whereupon the eye-mounted system performs an
action based upon the user’s presence at the location or
setting.

In addition, although the above describes discusses pri-
marily eye tracking using an electronic contact lens, 1n other
embodiments, eye tracking may be performed using other
types of devices. For example, 1n some embodiments, eye
tracking may be performed using sensors mounted on a pair
of eyeglasses or other head-mounted device worn by the
user. In some embodiments, the eyeglasses may function as
an accessory device to the electronic contact lens. In other
embodiments, the eyeglasses may be used instead of the
eye-mounted device, and contain an electronic payload
comprising an eye tracker, projector, outward-facing imager,
and controller.

The foregoing description of the embodiments of the
invention has been presented for the purpose of illustration;
it 1s not itended to be exhaustive or to limit the mvention
to the precise forms disclosed, but merely 1llustrates differ-
ent examples. It should be appreciated that the scope of the
disclosure includes other embodiments not discussed in
detail above. Persons skilled 1n the relevant art may appre-
ciate that many modifications and variations are possible 1n
light of the above disclosure, without departing from the
spirit and scope as defined 1n the appended claims. There-
fore, the scope of the invention should be determined by the
appended claims and their legal equivalents.

In the claims, reference to an element in the singular 1s not
intended to mean “one and only one” unless explicitly
stated, but rather 1s meant to mean ‘“one or more.” In
addition, 1t 1s not necessary for a device or method to address
every problem that 1s solvable by different embodiments of
the 1nvention in order to be encompassed by the claims.

Finally, the language used 1n the specification has been
principally selected for readability and instructional pur-
poses, and 1t may not have been selected to delineate or
circumscribe the inventive subject matter. It 1s therefore
intended that the scope of the invention be limited not by this
detailed description, but rather by any claims that issue on
an application based hereon. Accordingly, the disclosure of
the embodiments of the mvention 1s intended to be illustra-
tive, but not limiting, of the scope of the invention, which 1s
set forth in the following claims.

What 1s claimed 1s:

1. A method for taking action in response to a user’s
context performed by a system comprising an electronic
contact lens containing eye tracking sensors and an outward-
facing 1imager, the method comprising;:

collecting, by the eye tracking sensors, eye tracking data

while the electronic contact lens 1s worn on an eye of
the user, and while the 1mager 1s turned off or run 1n a
low power mode;

processing the eye tracking data to track eye movements

of the user over time;

detecting a pattern 1n the user’s eye movements corre-

sponding to the user’s eye looking at a plurality of
different positions in an environment of the user, where
the pattern 1s indicative of the user looking at a par-
ticular type of object within the environment of the
user; and
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based on the detection of the pattern indicating that the
user 1s looking at the particular type of object, causing
performance of a predetermined action comprising
activating the imager to capture one or more 1images of
the user’s environment containing the object and per-
forming an 1image processing function corresponding to
the type of the object.

2. The method of claim 1, where the pattern 1n the user’s
eye movements 1s indicative that the user 1s looking at a face.

3. The method of claim 2, where the predetermined action
comprises the 1mager capturing one or more 1mages of the
face.

4. The method of claim 3, where the predetermined action
turther comprises facial recognition to determine an 1dentify
of the face.

5. The method of claim 1, where the pattern in the user’s
cye movements 1s indicative that the user 1s reading text.

6. The method of claim 1, where the pattern in the user’s
eye movements 1s indicative that the user 1s looking at the
object, wherein the object 1s predefined within the system,
and the predetermined action is responsive to presence of the
object 1n the user’s environment.

7. The method of claim 1, where the pattern 1n the user’s
eye movements 1s indicative that the user’s context includes
possible danger 1n the user’s environment, and the prede-
termined action comprises at least one of: a warning of the
possible danger, and an action to reduce the possible danger.

8. The method of claim 1, where the pattern in the user’s
eye movements 1s 1ndicative that the user 1s located 1n a
setting that 1s predefined within the system, and the prede-
termined action 1s responsive to a presence of the user 1n the
setting.

9. The method of claim 1, where the pattern 1n the user’s
eye movements 1s indicative of a smooth pursuit correspond-
ing to a motion performed by the user.

10. The method of claim 1, where the user’s environment
1s designed by humans to cause a predefined pattern of eye
movement;

and the causing the predetermined action 1s based on the

predefined pattern of eye movement.

11. The method of claim 1, where the system contains
rules associating predefined patterns for objects with their
corresponding predetermined actions, the pattern in the
user’s eye movements matches one of the predefined pat-
terns, and the causing the predetermined action comprises
causing the predetermined action corresponding to the
object for the predefined pattern.

12. The method of claim 1, where the causing the prede-
termined action based on the detection of the pattern com-
Prises:

determining the user’s context as corresponding to what

the user 1s looking at, based on the detection of the
pattern; and

causing the predetermined action based on the determined

context.

13. The method of claim 1, where the electronic contact
lens also contains a femtoprojector that projects 1mages onto
the retina of the user’s eye and the predetermined action
comprises determining the images to be projected.

14. The method of claim 13, where the pattern in the
user’s eye movements 1s indicative that the user 1s looking,
at a particular type of content, and the predetermined action
comprises the femtoprojector projecting content supple-
menting the particular type of content.

15. The method of claim 1, where the predetermined
action comprises advertising to the user, where the adver-
tising 1s responsive to the user’s context.
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16. The method of claim 1, where the predetermined
action occurs within the electronic contact lens.
17. The method of claim 1, where the predetermined
action occurs outside the electronic contact lens.
18. The method of claim 1, further comprising:
receiving additional sensor data about the user, where the
causing the predetermined action 1s further based on the
additional sensor data.
19. The method of claim 18, where the additional sensor
data comprises GPS data.
20. A system comprising:
an electronic contract lens comprising;
one or more eye tracking sensors;
an outward-facing imager;
a controller configured to:
receive, from the one or more eye tracking sensors, eye
tracking data while the electronic contact lens 1is

20

worn on an eye of a user, and while the imager 1s
turned off or run 1n a low power mode;

process the eye tracking data to track eye movements of
the user over time;

5 detect a pattern 1n the user’s eye movements corre-
sponding to the user’s eye looking at a plurality of
different positions in an environment of the user,
where the pattern 1s indicative of the user looking at
a particular type of object within the environment of

10 the user; and

based on the detection of the pattern indicating that the
user 1s looking at the particular type of object,
activating the imager to capture one or more 1mages
of the user’s environment containing the object, and

15 causing performance of an 1mage processing func-

tion corresponding to the type of the object.
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